Rationale Activation of metabotropic glutamate (mGlu) 2/3 receptors may provide a novel strategy for treating schizophrenia. This effect is thought to be mediated through dopamine-independent mechanisms because mGlu2/3-receptor agonists have no considerable affinity for dopamine receptors. These agonists, however, reduce amphetamineinduced hyperlocomotion suggesting that they influence dopamine neurotransmission. Objective We evaluated whether the inhibitory effect of mGlu2/3-receptor activation on amphetamine-induced hyperlocomotion correlates with attenuated dopamine release. We also assessed whether mGlu 2/3 receptor activation has inhibitory effects on activity-dependent vesicular release of dopamine in behaving animals. Methods Microdialysis was used to measure extracellular levels of dopamine in the dorsal striatum (DStr) and nucleus accumbens (NAc) of freely moving rats. The effect of the mGlu2/3-receptor agonist LY354740 on dopamine release and locomotion elicited by amphetamine, electrical stimulation of the ventral tegmental area, or L-dopa was assessed. Results We find that the inhibitory effect of mGlu2/3 activation on amphetamine-induced hyperlocomotion correlates with an attenuated increase in dopamine release in the NAc and DStr. However, when dopamine levels were increased by electrical stimulation of dopamine neurons or by administration of the dopamine precursor L-dopa, activation of mGlu2/3 receptors had no effect on dopamine release or on behavior.
Introduction
The metabotropic glutamate (mGlu) receptors are a relatively novel family of eight receptor subtypes that are categorized into three subgroups based on sequence homology and signal transduction mechanisms. Group II mGlu receptors, consisting of mGlu receptors two and three, are widely expressed throughout the brain (Richards et al. 2005) and have been shown to reduce presynaptic neurotransmitter release through inhibition of adenylyl cyclase (AC) activity (Dohovics et al. 2003; Kilbride et al. 1998 ). Agonists of mGlu 2/3 receptors recently have received attention as potential novel targets for treatment of schizophrenia (Patil et al. 2007 ). Pharmacological activation of mGlu 2/3 receptors ameliorates some of the behavioral and cellular characteristics of the NMDA hypofunction model of this disease. These include reducing NMDA antagonist-induced hyperlocomotion and stereotypy in rodents Cartmell et al. 1999; Homayoun et al. 2004; Rorick-Kehn et al. 2007; Schlumberger et al. 2009b; Uslaner et al. 2009 ) and impairments in working memory in rodents and humans Krystal et al. 2005) . In addition, mGlu 2/3 agonists normalize changes in cortical glutamate efflux Lorrain et al. 2003) and single-unit spiking activity by NMDA antagonism (Homayoun et al. 2004) .
Although the potential therapeutic effects of mGlu2/3 agonists are generally considered to be independent of dopaminergic mechanisms, several recent studies have demonstrated that activation of mGlu2/3 receptors attenuates the locomotor stimulating effects of amphetamine (Cartmell et al. 1999 (Cartmell et al. , 2000 Fell et al. 2008; Rorick-Kehn et al. 2007; Uslaner et al. 2009; Woolley et al. 2008 ) and blocks the expression of locomotor sensitization to amphetamine (Kim and Vezina 2002) . These data may suggest a dopaminergic involvement in the therapeutic effects of these drugs, and there currently is some controversy over whether mGlu2/3 agonists such as LY354740 and LY379268 have activity as partial agonists at the dopamine D 2 receptor ; but see Fell et al. 2009 ).
Amphetamine increases extracellular levels of dopamine (and other monoamines) by blocking vesicular transport, as well as reversing the direction of the dopamine transporter (Sulzer et al. 1995; Sulzer et al. 2005 ). This increase is thought to be responsible for the behavioral activation by amphetamine because locomotor-enhancing effects of amphetamine in rodents are blocked by dopamine-receptor antagonists (Lapin 1995; . In the case of mGlu2/3 agonist's inhibitory effects on amphetamine, however, the correlation between its behavioral and neurochemical effects, and whether the inhibitory influence generalizes to other hyper-dopamine states, remains largely unknown. The purpose of the current study was to assess whether mGlu 2/3 activation attenuates the effect of amphetamine administration on dopamine release in the NAc and DStr. We also sought to determine whether any effects of mGlu 2/3 activation on dopamine release are specific to impulse flow independent dopamine release mechanisms, such as that caused by amphetamine (Sulzer et al. 2005) , or generalize to activity dependent, vesicular dopamine release mechanisms.
Material and methods

Subjects
Adult male Sprague-Dawley rats (n=62, 300-370 g, Harlan Labs, St. Albans, VT) were pair-housed in a temperature and humidity controlled environment on a 12 h light/dark cycle (lights on at 7am). All animals had ad libitum access to food and water in their home cages and were allowed to acclimate to the housing facility for at least 1 week before any surgical procedure. All procedures were in accordance with the National Institute of Health's Guide to the Care and Use of Laboratory Animals, and were approved by the University of Pittsburgh Institutional Animal Care and Use Committee prior to the start of the study.
Surgical and microdialysis procedures
Rats were anesthetized with isoflurane and placed on an electric heating pad within a stereotaxic frame. A small incision was made in the skin over the skull, into which lidocaine was perfused. Concentric dialysis probes or bipolar stimulating electrodes were secured in a head cap consisting of dental acrylic and were fastened to the skull using two skull screws. Immediately following surgery, the probes were connected to a liquid swivel balance arm assembly, and the rats were singly housed in a clear polycarbonate shoebox cage with fresh bedding. The cages were situated in a temperature and humidity controlled room on the same light/dark schedule used in the vivarium. Rats were given approximately 24 h to recover from the surgery prior to the collection of microdialysis samples, which is accepted as a sufficient period of time for brain tissue to normalize after probe implantation (Krebs-Kraft et al. 2007 ). Rats had ad libitum access to food and water during recovery, but not during the experiment. Probes were perfused with a Ringer's solution containing 145 mM of NaCl, 2.7 mM of KCl, 1.0 mM of MgCl 2 , and 1.2 mM of CaCl 2 . The flow rate was set at 1.3 μL/min during recovery and at 2.0 μL/min during the collection of dialysis samples. During the experiment, dialysis samples were collected every 20 min and immediately injected into a high-performance liquid chromatography system with electrochemical detection for the analysis of dopamine, as described previously .
Dialysis probes had an outer diameter of 330 μm and a 2.0-mm exposed tip. In most animals, dopamine was measured simultaneously from the probes placed in the left or right hemisphere DStr and the contralateral NAc. For experiments involving electrical stimulation of the left or right hemisphere ventral tegmental area (VTA), dopamine was measured from a dialysis probe placed ipsilaterally in the NAc. Coordinates for the dialysis probes and stimulating electrodes were according to the atlas of Paxinos and Watson (Paxinos and Watson 1998) and were as follows in millimeter relative to bregma: DStr (anteroposterior (AP), +1.6; mediolateral (ML), +/−1.8; dorsoventral (DV), −4.0 to −6.0), NAc (AP, +1.2; ML, +/−1.1; DV, −6.4 to −8.4), VTA (AP, −5.3; ML +/− 0.8; DV, −8.3). Animals were used once and, in cases where technical issues were encountered with one of the probes, data from the other probe and the behavior data were included in the analysis. Drugs LY354740 (10.0 mg/kg; a gift from Eli Lilly, Indianapolis, IN, USA) and amphetamine (1.0 mg/kg; Sigma-Aldrich, St. Louis, MO) were dissolved in 0.9% saline and frozen for a maximum of 1 week before use. 3,4-Dihydroxyphenylalanine methyl ester HCl (L-dopa, 100 mg/kg; Sigma-Aldrich) was dissolved in 0.9% saline prior to each experiment and was used immediately. All injections were given at a volume of 1 ml/kg of body weight.
The dose of LY354740 used in this study was chosen based on previous studies conducted by this laboratory, which demonstrated that 1.0 and 10.0 mg/kg of LY354740 do not significantly alter basal dopamine release in the striatum , but are active on both behavioral and electrophysiological measures (Homayoun et al. 2005; Moghaddam and Adams 1998) . The dose chosen (10 mg/kg) is the highest dose that reverses the behavioral effects of pro-psychotic drugs without producing considerable locomotor (Cartmell et al. 1999) or neurochemical effects on its own. A relatively low dose of amphetamine (1.0 mg/kg) was used because the behavioral effects of the higher doses are not reduced by 10.0 mg/kg of LY354740 (Cartmell et al. 1999; Schlumberger et al. 2009a ).
Electrical stimulation parameters
The VTA was stimulated for 20 min in a noncontinuous burst pattern (1 ms pulses at 100 Hz for 200 ms, interburst interval of 500 ms, amplitude was 60 μA) as described before (Lecourtier et al. 2008 ).
Locomotor activity
A stainless-steel frame housing with an array of infared beams (Hamilton-Kinder, LLC, Poway, CA) was placed outside the animals' cage so they could remain in the homecage environment throughout the experiment. Beam breaks were monitored over the entire course of sample collection by the Kinder Scientific MotorMonitor program. After the experiment, locomotor activity data expressed in terms of fine movements and ambulations were pooled into 20-min bins corresponding to the collection of dialysis samples.
Experimental design
The purpose of experiment one was to test the hypothesis that the attenuated amphetamine-induced hyperlocomotion previously observed after the treatment with mGlu2/3 agonists is correlated with attenuated increases in dopamine release in the DStr and NAc. After a stable baseline of dopamine release (defined for all experiments as less than 20% variation over three consecutive samples from a given brain region) was achieved, rats received an injection of either LY354740 or 0.9% saline, followed 20 min later by amphetamine.
In experiment two, we sought to determine whether mGlu2/3 activation was capable of attenuating increased dopamine release and hyperlocomotion caused by an impulse-flow dependent mechanism. It was reasoned that, if mGlu2/3 activation reduced amphetamine-induced dopamine release through an effect on vesicular release or synaptic reuptake mechanisms, it also would affect the increase in extracellular levels of dopamine caused by electrical stimulation of the VTA. Rats received either 0.9% saline or LY354740, followed 20 min later by VTA stimulation using the parameters stated above.
Experiment three was designed to test whether mGlu2/3 activation attenuated dopamine release through an effect on dopamine synthesis. Rats received either an injection of LY354740 or 0.9% saline 20 min prior to an injection of L-dopa.
In each experiment, recovery from surgery and testing occurred in the home-cage environment. All rats were randomly assigned to experimental conditions. No subject was used in more than one experiment.
Histology
After the completion of each experiment, the rats were anesthetized with chloral hydrate (400 mg/kg) and transcardially perfused with saline followed by a 10% neutralbuffered formaldehyde solution. The brains were removed and stored in formaldehyde for several days prior to being cut in serial sections at 250-μm intervals. In order to verify the microdialysis probe and electrode placements, slices were mounted on slides and stained using cresyl violet. Only data from placements within the brain region of interest were used for further analysis (Fig. 1 ).
Data analysis
Microdialysis data are expressed as the percentage of baseline±sem. Baseline was defined as the average of the three dialysis samples immediately prior to the first injection. For behavioral activation, both ambulation and fine movements were measured. Briefly, ambulations were defined as movements where the animals moved its entire body (i.e., a new beam was broken while a previously broken beam was released). Fine movements were defined as smaller movements where a new beam is broken without releasing a previously broken beam.
Statistical analysis of these dependent measures was conducted using two-factor repeated measures, ANOVAs with the treatment group as the between-subjects factor and time as the within-subjects factor. In situations where no differences were found between treatment groups in terms of dopamine efflux or locomotor activity, data from the experimental groups were combined and reanalyzed using a separate one-factor repeated measures ANOVA examining the time factor only. Neuman-Keuls post hoc tests were used where appropriate for either type of ANOVA. Finally, a further analysis using the Pearson product-moment correlation was conducted in order to examine the relationship between peak dopamine release from the DStr or NAc (defined as the bin with the highest average dopamine concentration for the group) and time-matched locomotor activity data. Statistical significance was set at p<0.05 for all analyzes.
Data from individual subjects meeting Peirce's criteria for outliers (Ross 2003) were omitted from statistical analysis of that dependent measure.
Results
Pretreatment with LY354740 (10.0 mg/kg, IP) 20 min prior to amphetamine (1.0 mg/kg, IP) significantly attenuated amphetamine-induced dopamine release in the DStr ( Fig. 2a ; treatment × time interaction; F(11, 176)=3.56, p<0.001) and in the NAc ( Fig. 2b ; treatment × time interaction; F(11, 154)=6.84, p<0.0001). saline (open circles) 20 min prior to an injection of 1.0 mg/kg of amphetamine. Dopamine release was measured in the a DStr (LY354740 group, n=9; mean baseline dopamine=1.7±0.3 fmol/μL; saline group, n=9; mean baseline dopamine=1.1±0.3 fmol/μL) and b NAc (LY354740 group, n = 9; mean baseline dopamine = 1.6 ± 0.3 fmol/μL; saline group, n=7; mean baseline dopamine=0.6± 0.2 fmol/μL). Locomotor activity also was measured for each animal, expressed as c fine movements (LY354740 group, n=9; saline group, n=10) or d ambulations (LY354740 group, n=9; saline group, n=10). Peak fine movements were significantly correlated to peak dopamine release in the e DStr (one outlier was omitted from the LY354740 group) and f NAc (one outlier was omitted from the LY354740 group), but peak ambulations were not significantly correlated to peak dopamine release in g and h either brain region (one outlier was omitted from each treatment group in these two graphs). In graphs A, B, C, and D, baseline dopamine release or locomotor activity is represented by the first three time points displayed. Asterisks denote significant differences between treatment groups at a given time point (* p<0.05, ** p<0.01) while plus signs indicate significant differences compared to baseline within a given treatment group (+p<0.05, ++p<0.01) The increase in dopamine efflux by amphetamine was accompanied by activation of fine movements and ambulation (Fig. 2c, d ). Consistent with previous reports (Cartmell et al. 1999 (Cartmell et al. , 2000 , pretreatment with an mGlu2/3 agonist significantly attenuated the locomotor-activating effects of amphetamine in fine movements ( Fig. 2c ; drug × time interaction; F(11, 187) = 7.1369, p < 0.0001) and ambulation-dependent measures ( Fig. 2d ; drug × time interaction; F(11, 176)=3.622, p<0.0001). Examination of the relationship between peak dopamine release and peak locomotor activity by correlation analysis found significant positive relationships between fine movements and dopamine release in the DStr (Fig. 2e; r=0 .4869, n=18, p<0.05) and NAc ( Fig. 2f; r=0 .5350, n=16, p<0.05). No significant correlation was found between ambulations and peak dopamine release in either the DStr ( Fig. 2g ; r=−0.0805, n=17, n.s.) or the NAc ( Fig. 2h ; r=−0.0264, n=15, n.s.).
VTA stimulation significantly increased extracellular dopamine concentrations in the NAc in both the saline and LY354740 treatment groups ( Fig. 3a ; time main effect; Fig. 3 LY354740 pretreatment has no effect on dopamine release and locomotion elicited by electrical stimulation of the VTA. Rats were given an IP injection of 10.0 mg/kg of LY354740 (filled circles) or 0.9% saline (open circles) 20 min prior to electrical stimulation of the VTA. Dopamine release in the a NAc (LY354740 group, n=8; mean baseline dopamine=0.8±0.2 fmol/μL; saline group, n=9; mean baseline dopamine=0.6±0.2 fmol/μL) and locomotor activity were measured in each animal. Activity is expressed in terms of b fine movements (LY354740 group, n = 8; saline group, n =9) or c ambulations (LY354740 group, n=8; saline group, n=9). d Peak fine movements were significantly correlated to peak NAc dopamine release. A nonsignificant trend toward a correlation was found between e peak ambulations and peak NAc dopamine release. In graphs A, B and C, baseline dopamine release or locomotor activity are represented by the first three time points displayed. Plus signs denote significant increases in dopamine release or activity compared to baseline (+ p<0.05; ++ p<0.01) F(11, 176)=11.15, n.s.), but the magnitude of this response was not significantly affected by LY354740 pretreatment (treatment main effect; F(1, 16)=0.45, n.s.; treatment × time interaction; F(11, 176)=0.19, n.s.). Similarly, VTA stimulation significantly increased locomotor activity in the salinetreated and LY354740-treated groups. This behavioral response was characterized by large increases in both fine movements ( Fig. 3b ; time main effect; F(11, 165)=26.14, p<0.0001) and ambulations ( Fig. 3c; F(11, 165) =14.79, p<0.0001), but pretreatment with 10.0 mg/kg of LY354740 did not significantly affect the magnitude of this response (fine movements: treatment main effect; F(1, 15)=0.13, n.s.; treatment × time interaction; F(11, 165)=0.41, n.s.; ambulations: treatment main effect; F(1, 15)=0.036, n.s.; treatment × time interaction; F(11, 165)=0.067, n.s). A significant correlation was found between peak NAc dopamine release and peak fine movements ( Fig. 3d; r=0 .5357, n=17, p<0.05), while a nonsignificant trend toward a correlation was found between peak NAc dopamine and peak ambulations ( Fig. 3e; r=0 .4669, n=17, p=0.059).
L-dopa (100 mg/kg) significantly increased dopamine release in the DStr (Fig. 4a time main effect: F(11,154)= 21.35, p<0.0001) and NAc ( Fig. 4b ; time main effect; F(11, 154)=27.08, p<0.0001). This increase was not affected by pretreatment with LY354740 (DStr, treatment main effect, F (1, 14)=0.29, n.s.; interaction effect F(11, 154)=1.25, n.s.; NAc, treatment main effect, F(1, 14)=0.75, n.s.; interaction effect, F(11, 154)=0.49, n.s). Small but significant increases in fine movements ( Fig. 4c ; time main effect, F(11, 220)= 5.92, p<0.0001) and ambulations ( Fig. 4d ; time main effect, F(11, 275)=11.54, p<0.0001) were observed in these experimental groups after injection of saline or LY354740, which may be attributable to injection stress; however, Ldopa did not significantly change locomotor activity compared to the baseline. Moreover, there were no differences between animals treated with saline or LY354740 in the magnitude of the locomotor responses in terms of fine movements (treatment main effect, F(1, 20)=1.23, n.s.; treatment × time interaction, F(11, 220)=1.07, n.s.) or ambulations (treatment main effect, F(1, 21)=0.582, n.s.; treatment × time interaction, F(11, 231)=0.568, n.s.). Finally, no significant correlations were found between peak dopamine release from the DStr and NAc and fine movements (DStr, Fig. 4e ; r=−0.1156, n=15, n.s.; NAc, Fig. 4f : r=−0.3358, n=16, n.s.) or ambulations (DStr, Fig. 4g ; r=−0.1197, n=15, n.s.; NAc, Fig. 4h : r=0.2951, n=16, n.s.).
Discussion
The present study demonstrates that the previously reported inhibitory effects of mGlu2/3-receptor agonists on amphetamine-induced increases in fine movements (Cartmell et al. 1999 (Cartmell et al. , 2000 Fell et al. 2008) correlates with an attenuated increase in extracellular levels of dopamine in the NAc and striatum. Furthermore, our data shows that this effect is not due to changes in mechanisms that govern activity dependent release of dopamine and dopamine synthesis or reuptake. Specifically, mGlu2/3 receptor activation did not attenuate the increase in extracellular levels of dopamine or locomotion induced by electrical stimulation of dopamine neurons. The increase in the extracellular levels of dopamine measured by microdialysis after electrical stimulation of dopamine neurons or fibers is thought to be due to the impulse flow dependent vesicular release of dopamine, which has escaped reuptake. Thus, a lack of effect of the mGlu2/3-receptor agonists on these levels indicates that dynamics of dopamine reuptake or vesicular storage, two processes that are disrupted by amphetamine (Sulzer et al. 1995) , are not targeted by these agonists. Amphetamine may also influence dopamine synthesis (Patrick et al. 1981) ; however, we found that increasing extracellular levels of dopamine by L-dopa, which primarily is due to increasing pools of newly synthesized dopamine (Dluzen and Liu 1994) , was not affected by mGlu2/3 receptor activation suggesting that these receptors do not influence packaging and release of newly synthesized dopamine.
Our finding that mGlu2/3 receptor activation attenuated amphetamine-induced hyperlocomotion and dopamine release is consistent with other studies showing that stimulation of these receptors reduces the acute behavioral effects of amphetamine (Cartmell et al. 2000; Fell et al. 2008; Rorick-Kehn et al. 2007; Uslaner et al. 2009; Woolley et al. 2008 ) and blocks the expression of amphetamine sensitization in locomotion, self-administration and release of glutamate and dopamine (Kim et al. 2005) . In general, inhibition of amphetamine-induced effects by mGlu2/3 agonists may be attributed to postsynaptic processes that may involve modulation of the AC activity. Specifically, amphetamine's dopaminergic effects are mediated primarily by cAMP given that both D1 and D2 receptors, similar to mGlu2/3 receptors, are coupled to AC (Missale et al. 1998) . The inhibitory effect on dopamine release, however, is most likely not governed by cAMP-mediated processes. Although disruption of the AC activity may influence the expression or kinetics of vesicular monoamine transporters or dopamine transporters (Guillot et al. 2008; Page et al. 2004) , such an effect also would have reduced the impact of electrical stimulation of dopamine neurons on extracellular levels.
Although amphetamine is thought to increase dopamine release independent of impulse flow by relocating vesicular dopamine into the cytosol and reversing the dopamine transporter (Sulzer et al. 2005) , there is evidence that some portion of dopamine release by amphetamine in intact animals may be impulse flow dependent (Porras et al. 2002; Speckenbach and Kehr 1976) and depends on the activation of cortical feedback loops. For example, lesions of the prefrontal cortex reduce amphetamine-induced striatal dopamine release (Wilkinson et al. 1997; Dalley et al. 1999 ). Prefrontal cortex lesions or deactivation also reduce amphetamine-mediated behaviors that have traditionally been associated with accumbal or striatal dopamine neurotransmission including locomotion, prepulse inhibition, place preference conditioning and behavioral sensitization (Ventura et al. 2003; Bjijou et al. 2002; Lacroix et al. 2000; Wilkinson et al. 1997 ). Thus, a likely mechanism for the inhibitory effects of mGlu2/3 agonists on amphetamineinduced dopamine release observed here may involve reduced activation of cortical feedback loops. The dose of LY354740 used here inhibits baseline firing of spontaneously active prefrontal cortex neurons (Homayoun et al. 2005 ). This could transiently deactivate the cortical input to striatal or midbrain regions mimicking lesion-like conditions and, therefore, reduce amphetamine's effect on locomotion and dopamine release.
An alternative explanation for our neurochemical data may involve different storage pools of dopamine targeted by amphetamine. Amphetamine is thought to have the ability to release dopamine from both "newly synthesized" and "older" pools of dopamine. This idea stems from reports that dopamine release due to low doses of amphetamine are reduced by pretreatment with the tyrosine hydroxylase inhibitor α methyl para tyrosine (αMPT), but not by pretreatment with the catecholamine-vesicledepleting agent reserpine. However, higher doses of amphetamine are sensitive to both αMPT and reserpine (Cadoni et al. 1995; Chiueh and Moore 1975) . Thus, low doses of amphetamine may release dopamine preferentially from the newly synthesized cytosolic dopamine pool; whereas, higher doses release dopamine from new and older pools of dopamine. Here we observed that mGlu2/3 receptor activation significantly reduces amphetamineinduced dopamine release, but has no effect on dopamine release evoked by the dopamine precursor L-dopa, which is insensitive to reserpine treatment and thus is derived from a newly synthesized pool (Dluzen and Liu 1994) . This result is consistent with a recent paper showing that activation of mGlu 2/3 receptors has no effect on the rate of dopamine synthesis in reserpine-treated rats (Fell et al. 2009 ). Therefore, one interpretation of these data may be that mGlu 2/3 activation preferentially affects amphetamine's ability to release old stores of dopamine. However, the functional significance of these putative old stores is unclear.
The impact of mGlu2/3 receptor activation on amphetamine may be due to interactions with serotonergic or noradrenergic systems (Lanteri et al. 2008) . For example, behavioral effects of amphetamine are attenuated through the administration of 5HT 2A antagonists such as M100907 and ritanserin (Sorensen et al. 1993; , and more recent evidence suggests a functional interaction between mGlu2/3 receptors and 5HT 2A receptors. Agonists of mGlu2/3 receptors decrease 5HT 2A agonist-induced head-twitch responses (Gewirtz and Marek 2000) and excitatory postsynaptic potentials . Additionally, it was discovered recently that mGlu2/3 receptors can form heteroreceptor complexes with 5HT 2A receptors and that agonists at mGlu2/3 receptors attenuate 5HT 2A agonist-induced signaling in the cortex (GonzalezMaeso et al. 2008) . Finally, the 5HT 2A antagonist M100907 potentiates the inhibitory effect of mGlu2/3 activation on amphetamine-induced hyperlocomotion (Uslaner et al. 2009 ), lending further support to the idea that mGlu2/3 agonists influence amphetamine's effects partially through effects on serotonin signaling.
The influence of stress on amphetamine's effects may be an important consideration while interpreting the results because stress in various forms (i.e., restraint stress, tail pinch, foot shock, social defeat, etc.) is known to cause sensitization to amphetamine's effects on locomotion (Antelman et al. 1980; Diaz-Otanez et al. 1997; Herman et al. 1984; Pacchioni et al. 2002) and dopamine release (Pacchioni et al. 2002; Pacchioni et al. 2007 ) in a manner that mimics repeated exposure to the drug. Some aspects of the surgical procedure used in this study may have been stressful and thus, LY354740's ability to attenuate amphetamine-induced hyperlocomotion and dopamine release may be related to an interaction between the drug's known anxiolytic properties (Linden et al. 2005) . Dopamine release in the striatum, however, is not sensitive to Fig. 4 LY354740 pretreatment has no effect on L-dopa-induced increases in dopamine release. Rats were given an IP injection of 10.0 mg/kg of LY354740 (filled circles) or 0.9% saline (open circles) 20 min prior to injecting 100.0 mg/kg of L-dopa. Dopamine release was measured in the a DStr (LY354740 group, n=8; mean baseline dopamine=1.2±0.1 fmol/μL; saline group, n=8; basal release=1.3± 0.3 fmol/μL) and b NAc (LY354740 group, n=7; mean baseline dopamine=0.7±0.2 fmol/μL; saline group, n=9; mean baseline dopamine=1.2±0.2 fmol/μL) for each animal. In addition, locomotor activity also was measured and is expressed as c fine movements (LY354740 group, n=9; saline group, n=14) or d ambulations (LY354740 group, n=9; saline group, n=14). No significant correlation was found between peak fine movements and dopamine release in e the DStr or f the NAc. Similarly, significant correlations were not found between g, h peak ambulations and dopamine release in either brain region. In graphs A, B, C and D, baseline dopamine release or locomotor activity is represented by the first three time points displayed. Plus signs denote significant increases in dopamine release or locomotor activity compared to baseline (+ p<0.05, ++ p<0.01). Note that the discrepancy in sample sizes between the DStr microdialysis graph and the related correlations is due to missing activity data for one subject. This missing data was caused by an unrecoverable computer error stress (Inglis and Moghaddam 1999) suggesting that, while reduction of amphetamine's behavioral effects may have been due, in part, to the anxiolytic properties of LY354740, its neurochemcial effects were not.
Recent binding studies from Seeman and co-workers (Seeman 2008; Seeman et al. 2008; Seeman and Guan 2009) have suggested that mGlu2/3 agonists including LY354740 have partial agonist actions at dopamine D 2 receptors. However, this finding has not been replicated by other laboratories (Fell et al. 2009 ). Our findings also indirectly question a partial D 2 agonistic property for mGlu2/3 agonists. Highly selective partial D 2 agonists such as (−)-3PPP increase basal dopamine release in the NAc (Imperato et al. 1988; See 1994) ; whereas, selective mGlu2/3 agonists either have no effect or decrease dopamine levels at higher doses (Greenslade and Mitchell 2004; Hu et al. 1999; Karasawa et al. 2006; Moghaddam and Adams 1998) . Of note, the attenuation in amphetamineinduced hyperlocomotion caused by mGlu 2/3 agonists is blocked by knocking out mGlu 2 receptors (Fell et al. 2008) and by administering mGlu 2/3 antagonists (Cartmell et al. 2000; Rorick-Kehn et al. 2007) , indicating that this effect is mediated through mGlu 2/3 receptors and not D 2 receptors.
Previous studies demonstrating that activation of mGlu 2/3 receptors attenuates the effects of amphetamine on horizontal locomotion have mostly used other agonists with a much higher affinity for mGlu2/3 receptors (Wright et al. 2001) ; whereas, 10.0 mg/kg of LY354740 did not have a significant effect on the ambulations of a much higher dose of amphetamine (Cartmell et al. 1999; Schlumberger et al. 2009a ). Thus, it may be the case that the dose of amphetamine and affinity for the mGlu 2/3 receptor are important determinants in the ability of an mGlu2/3 agonist to reduce amphetamine's behavioral effects. In addition, a PET study in monkeys has reported that IV administration of 20.0 mg/kg of LY354740 increases amphetamineinduced [
11 C]raclopride displacement suggesting that, in contrast to the rodent microdialysis data, mGlu2/3 agonists increase dopamine release (van Berckel et al. 2006) . Several methodological reasons may account for these differences. For example, monkeys involved in that study were anesthetized with a combination of the glutamatergic NMDA antagonist ketamine and isoflurane prior to the beginning of the PET scan. Although ketamine administration alone does not interfere with the measurement of dopamine release, preadministration of NMDA antagonists has been observed to cause significant increases in amphetamine's dopamine-releasing effects (Kegeles et al. 2000) .
A large body of evidence based largely in lesion studies supports the idea that amphetamine-induced dopamine release in the DStr is related to increases in stereotypy, while dopamine release in the NAc is related to ambulation (for a brief review, please see Beninger 1983 ). The significant correlation we observed between NAc dopamine release and fine motor activation in this study appears to run in conflict with these data. There is, however, a wealth of data from intact animals demonstrating that these classic relationships between regional dopamine release and behavioral activation are loose and depend on the dose of the amphetamine used. For example, 2.0 mg/kg of amphetamine increases both ambulations and dorsal striatal dopamine release in a similar temporal pattern (Kuczenski and Segal 1989) , while 8.0 mg/kg of amphetamine induces dopamine release in the striatum that is highly temporally dissociated with stereotypy (Kuczenski et al. 1997 ). In addition, it has been demonstrated that intra-accumbens infusion of 3 μM of amphetamine is able to induce a fivefold increase in dopamine release without a concomitant increase in ambulatory activity (Darracq et al. 1998; Darracq et al. 2001) . Thus, the relationship between dopamine release in these brain regions and behavioral activation described previously is not a strict one, and therefore, the correlation we observed between amphetamine-induced increases in fine movements and dopamine release in both of these brain regions is not inconsistent with the previous literature.
In conclusion, mGlu2/3 receptor activation does not appear to influence basic mechanisms that regulate basal or activated release of dopamine, suggesting that any potential antipsychotic efficacy of mGlu2/3 agonists (Patil et al. 2007 ) is not mediated by modulation of the dopamine system. Although we observed that mGlu2/3 agonists attenuate amphetamine-induced dopamine release in correlation with reduced hyperlocomotion, this effect may be mediated through a mechanism that indirectly influences amphetamine's effects on striatal dopamine such as reduced activation of cortical feedback loops. Future studies using local administration of mGlu 2/3 receptor agonists in the frontal cortex via microinjection or lesions of the frontal cortex in combination with systemic administration of mGlu 2/3 receptor agonists will be useful in determining the role of cortical feedback loops in this effect.
